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Hydraulic fracturing technology has contributed to making production from low perme-
ability source rocks economic for oil and gas companies. However, few direct observations
have been made regarding the physical modifications of the reservoir resulting from the
hydraulic fracturing process. This thesis investigates the time-lapse seismic response gen-
erated by hydraulically fracturing an unconventional reservoir. Compressional seismic data
sets were acquired before and after completions in a single section in Wattenberg Field,
CO. Cross-equalization of the time-lapse seismic data sets was required for the comparison
of seismic amplitudes. A time-shift anomaly and amplitude anomaly were observed in the
reservoir interval, and time-lapse changes are spatially aligned with the wellbores.
To understand the physical change that caused this seismic anomaly, percentage change
of acoustic P-impedance was calculated. A decrease in the acoustic P-impedance of up to
7% was observed from the baseline to the monitor survey in the reservoir interval. This
observation was put into physical context through interpretation of a structural geologic
model, and completions parameter and timing. An increase in pore pressure due to hydraulic
fracturing was interpreted as the physical mechanism causing the change in P-impedance.
Hydraulic fracturing is highly dependent on local geology, and the integration of geoscience
with parameter design is necessary for optimization. Seismic monitoring can assist assist
reservoir management of Wattenberg Field.
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The Colorado School of Mines (CSM) Reservoir Characterization Project (RCP) under-
took Phase XV in collaboration with Anadarko Petroleum Corporation (APC). The major
objective of Phase XV is the dynamic reservoir characterization of the Niobrara Formation
for the optimization of well placement, completion strategies, and maximizing hydrocar-
bon recovery. The Niobrara Formation and the Codell Member of the Carlile Formation of
Wattenberg Field located in Colorado, USA were the proposed laboratory for Phase XV.
The precise location was the Wishbone section in Wattenberg Field, which is owned and
operated by APC. The Wishbone section is a 1 mile2 area containing eleven horizontal wells,
where well completion parameters were tested. These completions parameters included: well
spacing, targeted formation, hydraulic fracturing volumes, pressure, rates, completion type,
and number of stages. The intent was to find a variable that could optimize cumulative
hydrocarbon recovery.
Technologies such as hydraulic fracturing and horizontal drilling have advanced the po-
tential for source rock exploitation. Seismic technology offers a means of advancing these
techniques through characterization and monitoring the entire life of an unconventional oil
field. Seismic data are the primary tools utilized in Phase XV. A time-lapse nine component
(9C/4D) seismic acquisition was conducted to provide research opportunities into under-
standing completion effectiveness. RCP and APC acquired the Baseline seismic survey post
drilling of horizontal wells. The Monitor 1 was acquired directly after hydraulic fractur-
ing occurred. This thesis will demonstrate that a change in the reservoir due to hydraulic
fracturing can be detected using time-lapse seismic data.
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1.1 RCP Phase XV - Wattenberg Field, CO
The Reservoir Characterization Project began in 1985, with Phase I studying the Nio-
brara Formation in Silo Field, Wyoming. In 2013 RCP Phase XV returned to the Niobrara
Formation, Wattenberg Field, Colorado in partnership with Anadarko Petroleum Corpora-
tion. The primary goals of the research proposal focused on dynamic reservoir characteri-
zation for completion and production optimization. Suggestions regarding well spacing and
hydraulic fracture completions to improve hydrocarbon recovery would be deliverables of the
study. The characterization is dynamic in that a seismic baseline and monitor were acquired
to capture pre- and post-completion reservoir conditions. The seismic data obtained was
multicomponent with vertical and horizontal vibrator sources effectively providing a 4D/9C
data set. These data were acquired over a 4 miles2 area centered on the Wishbone section
(Figure 1.1). Eleven horizontal wells are present in the Wishbone section: seven completed
in the Niobrara Formation, and four completed in the Carlile Formation.
The Wishbone section is unique in several aspects making it ideal for reservoir charac-
terization. Such aspects include:
• There are multiple geologic and engineering factors affecting completion design and
cumulative production.
• It is the location of a pilot well spacing test that varied wellbore placement from 600
feet to 1200 feet.
• Several lithology characterization, fracture characterization, completion, and produc-
tion testing methods were measured in the wells.
• There is ample well control and well log information for an effective seismic study.
• Lithology and geologic structures are known to be heterogenous.
Dynamic reservoir characterization holds a potential solution for integrating the many
facets of geoscience and petroleum engineering present in the Wishbone section.
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Figure 1.1: Location of the RCP Phase XV Wishbone section study area relative to Wat-




This thesis investigates the time-lapse response for compressional (PP) seismic in the
Wishbone section caused by a hydraulic fracture completion of the Niobrara and Codell
reservoirs. Several questions were posed that this thesis addresses.
• Is cross-equalization necessary for the time-lapse interpretation? If so, what
seismic cross-equalization steps need to be applied to the Monitor 1 with
respect to the Baseline to highlight the anomaly?
• Is there a time-lapse anomaly detected by PP seismic as a result of hydraulic
fracturing?
• What is the expected and detected P-impedance change due to hydrauli-
cally fracturing the reservoir?
• What other information can be integrated with the findings of the time-
lapse seismic interpretation to guide completions optimization?
Motivation behind the use of time-lapse compressional seismic data were sensitivity to
fluid pressure, temperature, and matrix deformation. All these factors can be associated
with hydraulic fracturing operations within a reservoir. Stacked PP seismic data therefore
had a high probability of sensing change in the reservoir. Before this thesis, a change in the
reservoir had not been observed in the monitor survey. The approach taken to address these
questions was:
• Cross-equalization of the Monitor 1 PP seismic data to the Baseline PP seismic data.
• Model based poststack inversion of the equalized volumes to obtain percentage change
of acoustic P-impedance.
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• Interpretation of a structural model that incorporated a semblance attribute, gamma
ray fault interpretations, image log fault interpretations from Dudley (2015), and fitting
planes to microseismic events.
• Interpretation of completion parameters with respect to stage, well, and percentage
change of acoustic P-impedance.
• Integration of observations and data to form an interpretation of the time-lapse effect
on the PP seismic data for the Turkey Shoot Baseline and Monitor 1.
1.3 Field Background
Located within the Western United States is the approximate 70,000 miles2 Denver Basin.
It has an estimated 1.05 billion barrels of oil (BBO) and 3.67 trillion cubic feet of natural gas
produced (Higley & Cox, 2007). Wattenberg Field is encompassed within the Denver Basin
and is located approximately 35 miles northeast of Denver, Colorado, USA (Figure 1.2). Con-
temporary reservoir targets of Wattenberg Field and the Wishbone section are the Upper
Cretaceous age Niobrara Formation and the Codell Member of the Carlile Formation. The
Niobrara Formation is composed of alternating calcareous chalk and marl units that act as
source, seal, and trap for the petroleum system (Higley & Cox, 2007). Located stratigraph-
ically below the Niobrara Formation is the Codell Member of the Carlile Shale Formation,
which is considered a tight (low-permeability) sandstone and acts as a separate reservoir
unit.
Oil and natural gas were first produced along the Front Range of Colorado over 130 years
ago (Knepper et al., 2002). Original exploitation of basin-centered accumulations of oil and
gas began as early as 1974 and was slow until the 1980’s. Interest in the field increased due
to higher oil pricing, federal incentives, and the discovery of production sweet-spots (Higley
& Cox, 2007). Over 10,000 vertical wells have been drilled in the field, and in 2007 the
implementation of horizontal drilling and hydraulic fracturing technology became standard.
The innovation made for highly economic drilling programs for major operators in the field.
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The economic success of these completions through the design of profitable wells in the
Niobrara, Codell, and other tight reservoirs is linked to effectively penetrating a naturally
fractured zone (Vincelette & Foster, 1992). It allows for maximum surface area stimulation
during hydraulic fracturing and increased hydrocarbon extraction. The spatial distribution
within the reservoir of these ideal fractured areas is known to be variable, and the in-situ
controls on fracturing are not fully understood. Some of the factors that affect fractures in
the Niobrara and Codell: tectonic setting, in-situ stress conditions, calcite mineralization,
and lithology.
1.4 Wattenberg Field Geology
The Denver Basin extends into Eastern Colorado, southeastern Wyoming, and South-
western Nebraska (Higley & Cox, 2007). It is an asymmetrical Laramide-age foreland style
structural basin, with a steeply dipping western flank toward the Rocky Mountains, and a
gently dipping eastern flank toward Kansas and Nebraska (Figure 1.3). The thickest sedi-
mentary deposit generally runs along the north-south axis of the basin, essentially paralleling
the Front Range or the eastern foothills of the Colorado Rocky Mountains. Precambrian
(∼1.6 billion years old) metamorphic and intrusive rocks form the basement at depths up
to 13,000 feet below the earths surface, and are overlain by sedimentary sandstones, shales
and mudstones, and limestones of Cretaceous age (144 to 67 million years old) (Higley &
Cox, 2007; Weimer, 1996). During the Cretaceous the paleo-geographic setting of the basin
was a coastal environment adjacent to an epeiric seaway that flooded much of current day
central North America. Deposition of organic-rich shales and mudstones took place during
the Cretaceous in environments ranging from marine to near shore deltaic and estuarine
environments (Sonnenberg & Underwood, 2013; Weimer, 1996).
Wattenberg Field spans approximately 1000 miles2 in the west-central part of the Denver
Basin (Higley et al., 2003) (Figure 1.1). Exploration and production companies primarily
produce in Wattenberg Field by drilling horizontal wells and completing hydraulic fracturing
across multiple stages. The technology contributes to the economic viablity of the reservoirs
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Figure 1.2: From Higley and Cox (2007). The northern two-thirds of the Denver Basin
spans Colorado, Nebraska, and Wyoming. Encompassed within is Wattenberg Field, ap-
proximately 35 miles to the northeast of Denver, Colorado, USA. Depicted are oil (yellow),
and gas (red) wells across the basin.
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Figure 1.3: East-West cross section of the Denver Basin (Sonnenberg & Underwood, 2013).
when oil and gas prices allow for a profit margin.
Formations of interest in economic geoscience are based upon their reservoir potential.
In the Wishbone section these formations are the Codell Sandstone Member of the Carlile
Formation, and the Niobrara Formation (Figure 1.4). The Early Cretaceous Codell Sand-
stone Member of the Carlile shale thins from east to west from approximately 80 feet to less
than 27 feet (Weimer, 1983). The Codell is a gray, silty, shaley, very-fine-grained, highly bio-
turbated marine sandstone. Weimer (1996) postulates that due to the high clay matrix, the
sandstone had low initial porosity and permeability, that was further reduced by compaction
and diagenesis. In Figure 1.5 it is interpreted on logs by high relative neutron porosity, low
density, low VP/VS ratio, low gamma ray, and low resistivity values relative to the overlying
Fort Hays Member.
The Early Cretaceous Niobrara Formation is composed of two organic rich, calcareous
shale members, the Fort Hays Limestone Member and the Smoky Hill Shale Member. The
Fort Hays is a calcareous limestone, identified by its high resistivity and low gamma ray in
well logs. It is of very low porosity, but is a potential target for hydrocarbon exploration,
due to proximity to source rock. It is not considered to be an induced fracture barrier, and
is not a concern in drilling and completions (discussion with APC personnel, 2014).
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Figure 1.4: Stratigraphic column of Wattenberg Field geology modified from Higley & Cox
(2007) on the left. Purple formations indicate potential hydrocarbon source rock, and green
text indicates producing oil and/or gas formations. Red indicates formations which may
produce coal-bed methane. The Wishbone section targets the Niobrara Formation and the
Codell Member. On the right is a petroleum system events timeline.
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Figure 1.5: Type log example from Well A. The reservoir interval and well log signature
associated with picked geologic formation tops have been tied to the Anatoli 3D/PP seismic
data.
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The Smoky Hill is subdivided into four benches typically, the A, B, C, and basal units.
The A subdivision of the Smoky Hill is an unconformity, eroded to a relatively thin interval
to represent the Top Niobrara in the Wishbone section (Matthies, 2014). The benches vary in
thickness from 50 feet to hundreds of feet. In Wattenberg Field the Niobrara Formation can
be between 200 feet and 400 feet thick, and approximately 7200 feet to 8000 feet below the
surface. The benches are further divided into a chalk and marl sub-classing based on calcite
concentration. Chalk and marl boundaries are gradational, and differences between the bench
facies is minimal (Matthies, 2014). This was observed locally in four core studies incorporated
in Phase XV. This has important implications in seismic reflectivity, as the bench impedance
contrasts are minimal and reflectivity measurements do not discern facies within and between
the benches. The chalk intervals are distinguished in core by higher resistivity (>30 ohm.m),
and low relative gamma ray values as observed in Figure 1.5. The chalks are distinguished
in core by a relatively lighter gray coloration, visible white specks that are identified as
coccolith debris, and high effervescence to hydrochloric acid (HCl) indicating an increased
calcite content. The B chalk and C chalk are considered to have higher permeability and
are the target for horizontal drilling operations. The B marl, C marl, and D chalk/marl
are dark gray, high gamma ray value, relatively lower resistivity value, organic rich marine
shale/marls. There is also thin-bed bentonite deposition throughout the Niobrara, which is
significant in that it is a potential drilling hazard and frack barrier (discussion with Tom
Bratton, 2014). The Niobrara is self-sourcing as total organic carbon (TOC) ranges from one
to six percent in the chalks and marls, and kerogen is predominantly Type II and therefore
oil-prone (Sonnenberg & Underwood, 2013; Weimer, 1996). The Niobrara exhibits prolific
natural fracturing, which is visible at the core scale and thin-section scale.
There are eleven horizontal wells drilled in the Wishbone section, seven in the Niobrara
and four in the Codell (Figure 1.6). Spacing of the wells were varied across the section
from 1200 feet to 600 feet, along with the number of stages per well from 32 per stage to
21. Completion fluid volume and type, proppant volume and type, pressure, and hydraulic
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Figure 1.6: East-West cross section of the Wishbone section depicting seven Niobrara and
four Codell lateral wells, and a simplified stratigraphic column. (Pitcher, 2015)
fracture technique were varied across the section. There were also three wells used in a
zipper frack (7N, 8C, and 9N). Proposed placement interval of the laterals was the Niobrara
C Chalk, and the Codell Sandstone. However, geo-steering reports and gamma ray analysis
indicate that there is structure in these intervals (a large east-west graben) and wells are not
necessarily landed in zone from heel to toe.
There is overpressure associated with the Niobrara Formation. Pressure calculations in-
crease relative to hydrostatic in the Sharon Springs Member and Lower Pierre Formations.
The overlying Upper Pierre Formation and underlying Muddy (J) Sandstone are underpres-
sured (Weimer, 1996). Kerogen maturation is a proposed cause of this pressure anomaly
and results in natural fracturing (Sonnenberg & Underwood, 2013). Oil and gas presence
in Wattenberg is linked to a geothermal anomaly within the field (Figure 1.7). The anoma-
lously high temperature gradient is attributed to Cretaceous to post-Cretaceous basement
intrusives. Maps and studies such as Figure 1.7, and Meyer & McGee (1985) indicate that
optimal production trends follow the geothermal anomaly closer than any structural con-
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trols. The heat anomaly resulted in shallow maturation of organic bearing source rocks such
as the Graneros, Greenhorn, and Niobrara. Thermal gradients range from 16-18◦F / 1000
feet to 28◦F / 1000 feet in the highest oil producing areas (Meyer & McGee, 1985).
1.5 Wattenberg Field Tectonics
Permeability is a major factor in the flow of hydrocarbons in Wattenberg Field. Hydraulic
fracturing is performed with the intention of increasing permeability by injecting fluid and
proppant into existing and new fractures, thus maximizing the surface area of reservoir rock
exposed to the wellbore. Areas of dense natural fracturing have proven to increase the
recovery of hydrocarbons both during initial production (IP) and throughout the life of the
well (Vincelette & Foster, 1992). The increase in surface area exposes more hydrocarbon
bearing rock to wellbore connected conduits, and allows these conduits to flow the fluids to
the wellbore during production (Warpinski, 2014). These areas of natural fracturing can be
related to tectonics, deposition, dewatering during burial, maturation, and can be both open
or healed with calcite.
Depositional bedding planes occur in marine environments due to gravity. For the partial
clay composition of chalks and marls of the Niobrara Formation, the flat particle geometry
inherent in clay crystallography orients particles to align with each other as they settled to
the ocean floor. This causes a preferential plane of weakness from the manner in which the
particles were deposited.
Following observations made in Phase XV seismic, as well as literature from Higley et al.
(2003), and Weimer (1996), two faulting scales exist in Wattenberg Field. The primary
basement controlled right-lateral wrench fault zones (WFZs) that extend to the northeast
can be associated with the Laramide orogeny and later tectonism (Figure 1.7). These paleo-
compressional tectonics are beneficial to oil production in that they provide a geologic ex-
planation of tectonic fracturing. Secondary faults are oriented to the northwest and occur
between the WFZs (Higley et al., 2003). The right lateral wrench faults of Wattenberg Field
are associated with a maximum compressional stress. It is oriented east-west in azimuth,
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Figure 1.7: Modified from Higley & Cox, 2007. Representation of Wattenberg Field geother-
mal anomaly through measurement of vitrinite reflectance (Ro) values along the D Sand
isopach. The Wattenberg gas field is approximately outlined by and Ro value of 0.9, and
the approximate lower limit for oil generation is 0.6. Wells are distributed as oil (yellow),
gas (red), and oil and gas (blue). Also outlined are the major regional wrench faults, the
Windsor (W. WFZ), the Johnstown (J. WFZ), the Longmont (Lo. WFZ), and the Lafayette
(La. WFZ).
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forming a horizontal plane in line with theoretical stress and fault orientations (Moody & Hill,
1956). This orientation is interpreted as an existing paleo-stress orientation in Wattenberg
Field. It was observed in several independent stress and fracture orientation measurements
in the study area including a shear-wave azimuthal amplitude study (Motamedi, 2015), mi-
croseismic, and well log image logs. None of the macro scale first order wrench faults as
mapped by Higley et al. (2003) or Weimer (1996) physically intersect the Wishbone section
or the RCP Phase XV seismic data.
The mid-Tertiary secondary extensional tectonic regime is perhaps more important to
production through the generation of post-Laramide fractures (Vincelette & Foster, 1992).
This phase of extensional tectonics is significant in that it developed prolific normal faulting
throughout the field and basin, with throws of hundreds of feet. Stress compartmentalization
is also suggested by fault movement, and is a factor in the Wishbone section with respect to
major normal faulting (throw greater than 100 feet). Seismic interpretation in the Wishbone
section suggests an east-west oriented normal fault with approximately 150 feet of throw. The
laterals were drilled orthogonal to this fault (Figure 1.9). The fault’s origin and subsequent
antithetic faulting and damage zones suggest the existence of dense natural fracturing in
direct relation to fault locations. Literature studies (Vincelette & Foster, 1992), core study,
and image logs (Dudley, 2015) indicate many of these natural fractures are calcite lined or
filled and therefore likely healed during reactivation of a post-Laramide extensional phase.
Three faulting styles are expected in the Denver Basin: wrench faulting, polygonal fault-
ing, and salt dissolution (Matthies, 2014; Sonnenberg & Underwood, 2013; Underwood,
2013). There are three distinct stratigraphic intervals where faulting (listric) is observed
in the Cretaceous interval: the Laramie-Fox Hills-Upper Pierre, the Middle Pierre Hygiene
zone and the Niobrara-Carlile-Greenhorn intervals (Davis, 1985). Polygonal faulting systems
(PFS) are interpreted to be the most influential faulting regime in the study area. PFS are
defined by Cartwright (2011) as “laterally extensive arrays of extensional faults that are
characterized by a polygonal planform geometry and are confined to a specific stratigraphic
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interval, i.e. they are layer-bound” (p. 1593). These layer-bound extensional faults resemble
desiccation cracks seen in any dried mud puddle, which form by volumetric contraction due
to moisture evaporation. However, as Cartwright & Lonergan (1996) note, their develop-
ment may be due to the accommodation of volumetric contraction from compaction-driven
dewatering. Seismic observations from the current 3D volumes (described later) suggest in-
complete formation of faults in the bounded Niobrara tier and are expressed as both pairs
(grabens) and singular (normal faulting). The faulting tier is bounded by the Lower Pierre
Formation and continues through the Codell, terminating in the Carlile. As a result of the
compaction forces, high inclination (20◦ to 50◦) failure planes result with the potential of
listric geometry. Recurrent movement through tectonic activity and differential compaction
can result in the formation of fracture systems, migration pathways, or fault sealing mecha-
nisms through healing of the conduits from calcification (Davis, 1985).
Wishbone section horizontals are drilled orthogonal to a graben identified in seismic,
and the faulted section is confirmed in drilling reports. The displacement on the top of
the Niobrara in seismic is roughly equivalent to the faulted section seen at the drill bit.
The polygonal patterns of PFS form because there is not a preferred stress orientation
overriding fault propagation. Thus it is expected that net isotropic tensional stress will
prevail horizontally with respect to the mature polygon (Tuckwell et al., 2003). Polygonal
geometries are observed in the structural seismic attributes such as incoherence in Figure 1.8,
with indication of fractal geometries in the higher resolution data. There are no idealized
hexagonal (conjugate 60◦ pairs) patterns observed, rather a combination of unequal length
distributions and several intersection angles. This is visible on the macro scale and locally
within the Wishbone section (Figure 1.8). The seismic geometric attribute curvature may
also be indicative of PFS and potentially listric faulting, as the faults exhibit high curvature
resulting in a near-orthogonal intersection (Cartwright, 2011). Seismic curvature calculations
indicate a high number of anomalies, often in conjunction with the incoherence anomalies
as visible in Figure 1.9.
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Figure 1.8: Seismic incoherence calculated for the Top Niobrara in the Merge 3D/PP seismic
data. The seismic resolution difference is apparent in the comparison of a regional Merge
survey and the Turkey Shoot Baseline. A polygonal fault system (PFS) is prevalent in the
study area, notable from the 60◦ conjoined faulting.
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The observation of the fractal nature of the PFS within the Turkey Shoot and Merge
data are indicative of the “maturity” of the system. Cartwright (2011) indicates a lack of
simplistic structural geometries is a function of time and concurrent stress regimes affecting
the area. This is of importance to the study area as these structurally complex areas may
indicate that there is a high likelihood of intense natural fracturing, compartmentalized stress
regimes, and geologic heterogeneity.
Figure 1.9: Left panel is seismic incoherence calculated for the Top Niobrara in the Turkey
Shoot PP/3D Baseline. Incoherence is interpreted for geologic structure. Right panel is
maximum principal curvature (Kmax) derived from seismic indicating positive curvature
anomalies, which tend to coincide with incoherence calculations.
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CHAPTER 2
CROSS-EQUALIZATION OF THE PP BASELINE AND MONITOR 1 SEISMIC DATA
Seismic volume cross-equalization is a necessary step in time-lapse analysis, as seen in
previous studies (Bishop, 2013; Keighley, 2006; Kelly, 2012; Meza, 2008; Ramdani, 2012)
and industry studies (Calvert, 2005; Johnston, 2010, 2013). This process ensures that in-
terpretations regarding the differences between two seismic data sets are related to signal
variability and not processing or acquisition deficiencies. Sensor Geophysical took steps to
preserve amplitudes between the Baseline and Monitor 1 as part of the processing flow de-
sign. Source-receiver relationships were preserved by matching the time-lapse geometries
exactly as the Baseline acquisition geometries were cropped to match the Monitor 1. Statics
were designed from both surveys, and a single solution was applied to both the Baseline and
Monitor 1. A single velocity model was used between the two surveys for PSTM, as well as
a single η solution for three-term NMO.
The time-lapse cross-equalization (XEQ) analysis was performed to ensure the fidelity of
these steps, and to see if any enhancements could be made to the signal-noise ratio (SNR)
by a reservoir driven equalization. Several steps were found to be necessary to detect time,
phase, and amplitude differences between the Baseline and Monitor 1 stacked volumes. A
cross-equalization processing workflow is presented in Table 2.2. This chapter will focus on
justification of the steps taken in the workflow, and the results of the cross-equalization of
the Monitor 1 to the Baseline.
2.1 Baseline and Monitor 1 Seismic Acquisition, Processing, and Gather Con-
ditioning
RCP is a member-based consortium, and through consortium member contributions RCP
and APC jointly acquired 4D/9C seismic data sets. The data sets were intended to provide
a high quality geoscience basis that would allow RCP to address the major research goals of
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Table 2.1: Turkey Shoot seismic compressional time-lapse processing flow performed by
Sensor Geophysical in September, 2014
Processing Step Value Used
Reformat Record Length: 4.0 seconds
Sample Interval: 2.0 milliseconds
3D Geometry Assignment 55 ft X 55 ft 3D CDP Binning
Match Baseline to Monitor
Time-Lapse Match Monitor matched to Baseline
Spectral Equalization and Shaping filter
Amplitude Recovery Spherical Divergence Correction
+ 4 dB/second Gain
Sinusoidal Noise Filter 60 Hz notch filter
Trace Edits and Mutes Singular-Value Decomposition filter
to remove surface generated noise
Surface Consistent Deconvolution (Spiking) Operator Length: 100ms
Prewhitening: 0.1 %
Vibroseis Deconvolution Compensation
Refraction Static Corrections Datum: 5200feet
(Long Wavelength) Replacement Velocity: 9000 feet/sec
2 layer analysis
Surface Consistent Statics 1 Maximum Shift: 24ms
(Short Wavelength) Window: 400 - 2200ms
Surface Consistent Amplitude Scaling
Velocity Update 1
T - F Adaptive Noise Suppression
Offset Consistent Gain Control
Surface Consistent Statics 2 Max Shift: 24ms
Window: 400 - 2200ms
Velocity Update 2
3 term Moveout time variant η
Common Offset Vector (COV) Binning COV Regularization
COV F-XY Deconvolution
COV Techco prestack Summig Time Migration Azimuthal compliant Kirchhoff Migration
Anisotropic
Surface consistent
Sector for output to CDP, Angle, and Azimuth
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Phase XV. Seismic data survey outlines available in Phase XV are displayed in Figure 2.1.
APC provided a regional data set (Merge) of wide azimuth 3D PP seismic data (approxi-
mately 50 miles2) that encompasses the Wishbone section on the eastern limit (Figure 2.1).
The macro structural perspective of the Top Niobrara from incoherence (Figure 1.8) was
calculated from this volume. The Anatoli 3D multicomponent (3D/3C) seismic data (10
miles2) is within the Merge geometry, and also encompasses the Wishbone section. The
Wishbone section was drilled heel-south to toe-north beginning with the eastern most well
and moving west. The eastern Wishbone well (the 1N from Figure 1.6) was spud in early
May 2013. The western most well (11N) was finished by mid-May 2014. The Anatoli 3D/3C
was acquired in mid-June to July 2013, and this is the Baseline Turkey Shoot. Image logs
were also acquired within this time. Hydraulic fracturing was then initiated in the Wishbone
section in August 2013, and the horizontals were completed from toe-to-heel beginning with
the eastern most well and moving west. The westernmost horizontal 11N was completed in
mid-September 2013, and the Turkey Shoot Monitor 1 was initiated immediately after its
completion finishing in late October 2013. The Turkey Shoot was a 4 miles2 time-lapse mul-
ticomponent (4D/9C) seismic acquisition, centered over the Wishbone section. The timeline
of events is presented in Figure 2.2.
The Anatoli 3D/3C were acquired as a baseline and the geometries of shot and receiver
pairings were cropped to match the geometries of the 4 miles2 Turkey Shoot 4D/PP Monitor
1. A compressional vibrator source was used with three trucks over 60 feet, using four sweeps
of 18 seconds to achieve an 8 - 96 Hz linear band. The shot interval was 110 feet, and source
lines were 880 feet. Single three-component VectorseisTM receivers were used at a 110 foot
interval, with 660 foot receiver line spacing (Figure 2.3). This achieved dense common depth
point (CDP) coverage of the study area, approximately 55 feet by 55 feet. The survey was
designed to have relatively high fold, dense CDP, and achieve balanced azimuthal signal over
360◦. Azimuthal reciprocity was assumed for the PP seismic. Notable from Figure 2.4, a
central high fold common image gather (CIG) sample shows azimuth versus offset, the zero
21
Figure 2.1: RCP Phase XV seismic data outlines depicting the macro to micro scaling. The
3D/1C 50 miles2 Merge seismic data is in red, 3D/3C 10 miles2 Anatoli seismic data is in
green, the 4D/9C 4 miles2 Turkey Shoot seismic data is in blue, and the outline of the 1
mile2 Wishbone section is in black (Pitcher, 2015).
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Figure 2.2: Timeline of the RCP Phase XV Wattenberg project. The Wishbone section
was drilled, image logs were acquired, and a 9C Baseline seismic data set was acquired to
capture in-situ reservoir conditions. Wells were completed, microseismic acquired, ISIP and
breakdown pressures monitored, and the Monitor 1 was acquired to capture the effect of
completions. Wishbone wells are currently producing, two production logs were acquired.
RCP Phase XVI proposes to acquire another monitor (Turkey Shoot Monitor 2) to capture
the effect of reservoir production.
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to near offset range is relatively under-sampled. This is a common occurrence in 3D land
surveys. The far offsets are also limited but were found to be sufficient for the study.
Figure 2.3: Receiver (maroon and yellow) and Source (green) line spacing and acquisition
layout for the Anatoli and Turkey Shoot. Survey outline of the Anatoli is in blue and survey
outline of the Turkey Shoot is in white.
Acquisition was designed to maximize fold in the Wishbone section as visualized in Fig-
ure 2.5. Also of note is the near identical fold profile between the Baseline and Monitor 1,
which is due to the cropping performed to match acquisition geometries. The dynamic range
of fold values are between 6 and 104, with average fold of 57, and a value greater than 90
over the Wishbone section. This confirmed the goals of acquisition, and interpretations will
have maximum reliability over the study area.
Processing of the Baseline and Monitor 1 was completed by Sensor Geophysical in
September 2014. A simplified processing flow is presented in Table 2.1. Highlights of the flow
include the estimation of common statics, time-lapse equalization, calculation of common-
offset vector tiles (COV), normal moveout (NMO) with η compensation, and PSTM. Com-
mon statics are designed as a solution to the near surface, and the Baseline and Monitor 1
utilized a composite static solution. Simultaneous processing of the time-lapse data aimed
to process multi-vintage data sets as one, but preserve amplitude and velocity differences. A
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Figure 2.4: Cross plot (often called a necklace plot) of azimuth and offset source-receiver
relation, demonstrating the azimuthal coverage for a centrally located CIG within the Turkey
Shoot PP Monitor 1.
Figure 2.5: Fold maps of the Turkey Shoot PP time-lapse Baseline and Monitor seismic data
sets with Wishbone horizontals. Hot colors depict maximum fold of greater than 90, directly
encompassing the Wishbone section horizontals.
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Figure 2.6: Top panel is a single gather from a central CIG for the Turkey Shoot PP Baseline
(IL270). Bottom panel is a limited angle stack from 10◦ to 35◦ with a few major horizons
shown in blue. There is structure visible in this N-S running inline, and this demonstrates
the main E-W graben running through the Wishbone section is imaged by the migration.
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comparison of a central gather for the Baseline and a stacked inline are shown in Figure 2.6.
2.2 Gather Conditioning and Angle Range Determination for Stacked Seismic
Data Analysis
Gather conditioning was performed to maximize the signal-to-noise ratio (SNR) prior to
cross-equalization between the Baseline and Monitor 1. The benefits of gather conditioning
have been observed in past RCP phases, as well as studies by Calvert (2005); Johnston (2013)
and Singleton (2009). The processing steps of gather conditioning generally include a super
gather, application of a parabolic radon transform for noise removal, and trim statics. These
steps were performed on the Baseline and Monitor 1 surveys, and justified through pre- and
poststack analyses of the conditioned gathers.
A super gather (SG) of nine seismic bins (3x3) was chosen as the first gather conditioning
step. A 3x3 super gather stacks the nine nearest traces to form a single trace that has
increased SNR. Trace stacking is a common noise reduction tool, and the benefit is seen in
a comparison of the noise gathers in Figure 2.8 and Figure 2.7. The noise gather without
having performed a super gather had signal remaining on the Top Niobrara reflector and
Lower Pierre P4 reflector. This was identified from a noise stack and guided the choice of
super gather size to 3x3.
A parabolic radon transform (PRT) was performed on the gathers after the super gather.
A PRT is a tool used for random noise suppression. It identifies random noise within the
data from parabola design parameters set by the user. These parameters include the desired
SNR, and time-moveout. Primary events in normal moveout (NMO) corrected gathers will
have near zero moveout relative to the defined parabola, but noise and multiples will have
positive and negative values. The parameters used in the PRT design for both gather sets
were a time difference (∆ T) from -15ms to 90ms, and a desired noise-to-signal ratio of 0.1.
The design of the transform parameters was intended to preserve signal from the coherent
reflectors, such as the Top Niobrara. The application of the PRT on the Baseline gathers are
depicted in Figure 2.8. Application of the PRT without complimentary conditioning steps
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removed coherent signal from the primary reflectors, and this justified the application of the
super gather.
Figure 2.7: The gather conditioning results from the raw Baseline (XL 160, IL 286) to the 3x3
super gather, parabolic radon transform, trim stack gather are demonstrated. The resultant
noise gather is also displayed, and demonstrates the guiding factors of conditioning. These
factors were to leave coherent signal on the primary peaks such as the Top Niobrara.
A trim static was applied to the gathers prior to stacking, ensuring signal was not stacked
out due to misalignment. The trim static was designed over a 900ms window, which encom-
passes the reservoir and overburden (Lower Pierre P3-P4) horizons that were necessary in
the cross-equalization flow. Amplitude variation with offset (AVO) will not be addressed
in this study, but reflectors with certain AVO types (type 2P) should not have trim statics
applied. The reservoir interval is a type 2 AVO anomaly, as visualized for the Top Niobrara,
the Middle Niobrara, and the Greenhorn Bridge Creek horizons in Figure 2.9. The AVO type
was determined with a two-term Aki-Richards curve for intercept and gradient. This figure
also demonstrates the benefit of the super gather and trim statics to the gather conditioning
workflow as the peaks have a higher correlation.
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Figure 2.8: The conditioning result of a parabolic radon transform (PRT) applied to the raw
Baseline gather (XL 160, IL 270). Comparison of the noise plot in Figure 2.7 demonstrates
the benefit of the super gather. This was also tested by stacking the PRT outputs, noise
outputs, and differencing the results.
The conditioned gathers were converted from offset to angle using the root mean square
(RMS) migration velocity volume provided from processing by Sensor Geophysical. In high
fold regions of the Turkey Shoot acquisition, there are angles of incidence ranging from 5◦
to 45◦ for the reservoir interval and in the overburden (Figure 2.10).
Selecting the angle range that would maximize SNR was achieved statistically by cross-
correlation of the two primary reflectors for different angle range stacks. The Lower Pierre
P4 and Top Niobrara peak reflectors are events that needed high SNR as they were the
focus of cross-equalization calibration. Stacking different angle ranges and analyzing the
cross-correlation of these horizons were the methods used to select a stacked angle range
of 10◦ to 35◦. This range had the highest correlation between the Baseline and Monitor 1
times (a value of 0.987 for the Top Niobrara, and 0.991 for the Lower Pierre P4). The Top
Niobrara cross-plot investigation for stacked angle range determination is demonstrated in
Figure 2.11.
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Figure 2.9: AVO curve fitting was performed with a Aki-Richards two-term curve fitting
algorithm in Hampson-RussellTM . The reservoir peak reflectors are determined to be Type
2 AVO anomalies. This is seen in the estimation of cross-correlation, intercept, and gradient
on the Top Niobrara, Middle Niobrara, and Greenhorn Bridge Creek. The conditioning steps
are verified as the cross-correlation values are greater in the gathers with the the application
of a 3x3 super gather and trim static. Shown is IL270, XL160.
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Figure 2.10: RMS migration velocity volume applied to conditioned Baseline gather at XL160
/ IL288 and 289. Angles range from 5◦ to 45◦ for the reservoir interval beginning at the Top
Niobrara peak.
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Figure 2.11: Cross-plots of the Top Niobrara peak reflector times for the Baseline and
Monitor 1 gather conditioned volumes. The angle range with the greatest cross-correlation
(0.987) for peak alignment was found to be 10◦ to 35◦.
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2.3 Monitor 1 Cross-Equalization to the Baseline
Cross-equalization methodology for the PP Turkey Shoot Baseline and Monitor 1 focused
on highlighting differences and similarities between the data sets. All cross-equalization
workflow steps were performed on the Monitor 1 in the Hampson-Russell Pro4DTM module.
The Lower Pierre P3-P4 horizons were selected as a region that should not be influenced by
the activity of hydraulic fracturing. The horizons are located 200ms to 250ms shallower than
the Niobrara in PP seismic data. This made them a suitable calibration interval to align the
Monitor 1 to the Baseline in time, phase, and amplitude. The Sharon Springs, a clay rich
shale directly above the Top Niobrara, was not included in equalization parameter design as
it was susceptible to the forces of the completions. The reservoir interval (the Top Niobrara
to the Greenhorn Bridge Creek) was classified by reflectors that are directly influenced by
the hydraulic fracture. The cross-equalization process should enhance differences only where
the completion changed the reservoir. The impact on the these rocks is a change in reservoir
fluid pressure, matrix rigidity, and temperature. All of these factors cause variability in
compressional seismic waves.
The Baseline and Monitor 1 gathers were conditioned and stacked over a range of 10◦
to 35◦ in preparation for cross-equalization. The cross-equalization workflow outlined in
Table 2.2 was followed. Cross-equalization was found to be a necessary addition to Sensor’s
processing steps, as it was reservoir driven and could be calibrated to meet the needs of the
time-lapse study. This necessity is depicted in Figure 2.12 as a repeatability investigation
using normalized root mean square (NRMS) above the reservoir and within the reservoir.
A NRMS value of zero indicates the data are identical, and a value of two indicates the
data are anti-correlated. An NRMS value of 0.3 and lower are considered to be highly
repeatable (Johnston, 2013). Prior to cross-equalization, the Lower Pierre P4 horizon and
reservoir interval indicates areas of low repeatability (Figure 2.12). After cross-equalization
the largest difference in the reservoir is situated over the Wishbone section, and the Lower
Pierre P4 is highly repeatable. This was observed in amplitude difference anomalies that
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Figure 2.12: Window comparison of NRMS estimation for the Lower Pierre P4 and Top
Niobrara. A NRMS value of zero indicates the data is identical, and a value of two indicates
the data is anti-correlated. A NRMS value of 0.3 and lower are considered to be highly
repeatable (Johnston, 2013). The slices demonstrate the benefit of cross-equalization above
and within the reservoir. Above the reservoir is now highly repeatable and little change
between the volumes is detected. The NRMS estimation identifies there is change within the
Wishbone section, and the change is minimized outside of the section.
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Figure 2.13: The Baseline and Monitor 1 conditioned angle stacks and difference cross-
sections are compared to the results of cross-equalization. The necessity of cross-equalization
is qualitatively apparent in enhancing the time-lapse signal from the reservoir by reducing
differences between the volumes in the overburden.
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Table 2.2: Cross-equalization flow of the PP Turkey Shoot Baseline and Monitor 1
Analysis and QC of Gathers from Processor Baseline
Monitor 1
Gather Conditioning 3x3 Super Gather
Parabolic Radon Transform
Trim Statics
Determination of Optimal Angle Stack Range 10◦ to 35◦
Global Phase and Time Shift 100ms Lower Pierre Window
+2ms Time Shift
+20◦ Phase Rotation
Shape Filter 160ms Lower Pierre Window
Trace-by-Trace Time Shift 160ms Lower Pierre Window
Time Shift Range (-2ms to +1.5ms)
RMS Amplitude Equalization Volume application 800ms to 1700ms Window
Excluded Reservoir Interval
Cross-Equalization Assessment Estimated over Reservoir Interval
Time and Phase Shift Volumes
Cross-Correlation Volume
% Amplitude Difference
became defined in the reservoir and were equalized in the overburden (Figure 2.13). Large
differences also occur in low fold areas near the edge of the survey. This was considered
error and the results of the cross-equalization will not be interpreted in these low correlation
areas.
The cross-equalization steps taken to achieve the NRMS results were determined through
iterative testing of parameters and windows of investigation. The workflow was designed
based on previous successes of other time-lapse studies (Bishop, 2013; Johnston, 2013; Keigh-
ley, 2006; Meza, 2008), and Hampson-RussellTM workflow suggestions. A global (fixed or
static) time shift and phase rotation was determined from a 200ms window centered on the
Lower Pierre P3 horizon, that encompassed the Lower Pierre P4 horizon. Values were de-
termined from high cross-correlation regions as visualized in Figure 2.14. A +2ms time-shift
was applied as the Monitor 1 Lower Pierre P4 is generally lagging -2ms. Then a global phase
rotation was applied of +20◦, as the Monitor 1 P4 was determined to be approximately -20◦
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out of phase with the Baseline.
Next a Wiener-Levinson global shaping filter was applied to the Monitor 1. The filter was
designed over a 160ms window centered on the Lower Pierre P4, from traces that had a high
cross-correlation value (>0.80) (Figure 2.15). The shape filter is designed to transform the
Monitor 1 wavelet into the Baseline wavelet based on an operator wavelet. The operator was
designed through iterative inversion. The Monitor 1 is considered the input, the Baseline is
considered the output, and the shaping wavelet is the necessary operator to make the two
as similar as possible. The definition of a static window for the design is crucial in this step,
as the filter can remove the time-lapse anomaly in the reservoir if included.
A trace-by-trace (time variant) time shift was designed from a 160ms correlation window
centered on the Lower Pierre P4 (Figure 2.16). The previous two steps made the Baseline
and Monitor 1 Lower Pierre as similar as possible relative to the rest of the traces in the
volume (globally). The trace-by-trace time shift intended to align the individual traces of
the Monitor 1 P4 relative to the Baseline P4.
The final step in the cross equalization was the estimation of a RMS amplitude normal-
ization volume (Figure 2.17). It was applied to the shaped and shifted Monitor 1. The RMS
volume was designed over a window from the Lower Pierre P1 to the Lower Pierre P4. The
estimation excludes the reservoir interval as the process is intended to preserve amplitude
differences in the reservoir due to the hydraulic fracture.
Quality control and calibration of the windows and parameters used in the cross-equalization
process were designed by comparing spectra of the Baseline and Monitor 1, and updating
NRMS slices of the Lower Pierre and reservoir interval after each trial. The influence on the
Monitor 1 seismic spectrum for each cross-equalization step can be seen in Figure 2.18. The
spectrum is calculated over a 900 ms window that is inclusive of the Lower Pierre P1-P4
horizons and the reservoir interval. The most influential step in the workflow is the shaping
filter, as the spectral characteristics of the Baseline are forced upon the Monitor 1. This
was also determined to be the most necessary calibration of cross-equalization from other
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Figure 2.14: A 200ms window centered upon the Lower Pierre P3 peak reflector was used to
design the application of a global time shift. A positive shift of 2ms was determined from
the average of the high cross-correlation areas of the isochron. A global phase rotation of
+20◦ was then determined from the shifted volume.
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Figure 2.15: The design of the Wiener-Levinson global shaping filter. A 160ms window
centered on the Lower Pierre P4 horizon was used for estimation of the operating wavelet
that would match the spectra of the Baseline and Monitor 1 over this window. The operator
is then applied to the rest of the volume.
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Figure 2.16: Trace-by-trace time shift estimation that was applied to the globally shifted and
shaped Monitor 1. The values were designed over a 160ms window centered on the Lower
Pierre P4, and applied to each trace to align the P4 in time as closely as possible between
the Baseline and Monitor 1.
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Figure 2.17: RMS amplitude cross-normalization volume cross-sections IL 270 and XL160.
The volume was applied to the Monitor 1 as the final step of cross-equalization.
studies (Bishop, 2013; Keighley, 2006; Kelly, 2012; Ramdani, 2012). The spectral analysis
was combined with the NRMS slice analysis and the best result is presented in Figure 2.12.
The result of cross-equalization was analyzed using time shifts, phase shifts, amplitude
differences, and cross correlation windows over the reservoir interval. This reservoir interval
was chosen from the Top Niobrara to the Greenhorn Bridge Creek to include the Niobrara C
Chalk and the Codell. These results are presented in Figure 2.19, and a time-lapse anomaly
is interpreted over the Wishbone section horizontal wells. There is a positive time shift
anomaly (+0.5ms) indicating that the Monitor 1 reservoir has decreased in velocity as the
reflection arrives later to the surface. The cross-correlation plot indicates the same region
to have the highest trace difference between the Baseline and Monitor 1. There is a phase
difference anomaly of -30◦ from the Monitor 1 to the Baseline in the Wishbone. There is an
amplitude difference highlighted by a maximum absolute value difference of 1.5.
The amplitude anomaly found post cross-equalization in the Monitor 1 is the focus of the
time-lapse interpretation. A methodology of comparing seismic differences for interpretation
was devised based on percentage difference between the reservoir and the Lower Pierre. The
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Figure 2.18: Comparison of the cross-equalization steps influence on the Monitor 1 seismic
spectrum. The spectrum was calculated over a 900ms window. The significance of cross-
equalization is apparent in the comparison of the Baseline and Monitor 1 spectra. The
shaping filter is identified as the most significant operation applied to the Monitor 1.
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Figure 2.19: Result of the cross-equalization on the reservoir interval. A positive +0.5ms time
shift estimation, and a +30◦ phase rotation estimation indicate that the reservoir interval
located in the Wishbone section have a time-lapse anomaly. Cross-correlation and maximum
absolute value of amplitude difference indicates this same region has dissimilar traces between
the Baseline and Monitor 1. This is the time-lapse anomaly that was investigated.
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Baseline and cross-equalized Monitor 1 amplitude volumes were converted to a percentage







Significant change in amplitude (and other seismic attributes) were defined by setting a
noise level over a window where there is no change expected. For the Baseline and Monitor 1
the Lower Pierre is not expected to change and served as the calibration horizon for noise level
cutoff in percentage difference. Figure 2.20 visually demonstrates this methodology, where
an amplitude change greater than 15% in high fold survey regions was interpreted to hold
meaningful time-lapse difference information. The low fold edges of the survey also indicate
large differences between the surveys, but are considered noise and were not interpreted in
relation to the time-lapse anomaly.
For seismic monitoring, the time-lapse attributes of greatest interest are changes in veloc-
ity and elastic properties within the reservoir (Johnston, 2013). Figure 2.21 displays a time
shift cross section and amplitude difference cross section for the same inline and crossline.
There is up to +1.50 ms shift necessary within the reservoir interval, indicating that the
Monitor 1 has later arrivals centralized in the Wishbone section reservoir interval. Time
shifts can be interpreted as a proxy for velocity change, but will not be considered here. A
time shift interpretation was not made for several reasons. Anisotropic parameters of the
overburden and reservoir were not accounted for in the seismic volumes. The time shifts
are also less than the sample rate of the seismic acquisition. Seismic amplitude has greater
resolution than velocity, and also indicate a difference in the reservoir. With respect to the
questions posed in the introduction of the thesis, the amplitude anomaly was converted to
acoustic P-impedance.
2.4 Cross-Equalization Conclusions
Overall, the cross-equalization workflow and parameters were determined successfully
to preserve the time-lapse change within the reservoir. This was done by accounting for
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Figure 2.20: Percentage difference of RMS amplitude calculated using equation 3.1. RMS
slices were created above, within, and below the reservoir. A noise cut-off level of 15% was
interpreted based on the percentage difference in the above reservoir window (Lower Pierre
P3 to Sharon Springs), where no change in amplitude is expected.
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Figure 2.21: Time shift IL270 and XL160 indicate a time-lapse anomaly concurrent with the
Wishbone section horizontal wells (red arrows). Time shifts as a proxy for velocity variation
in the reservoir will not be further considered in the interpretation. The mean amplitude
difference time-lapse anomaly (red arrow) concurrent with the location of the Wishbone
section was further investigated by inversion for acoustic P-impedance.
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differences in the Lower Pierre P3 and P4, where no change due to hydraulic fracturing is
expected. There is a time-lapse amplitude and arrival time anomaly present in the reservoir
interval of the Monitor 1 PP seismic data. There were several cross-equalization steps nec-
essary to isolate and enhance this anomaly, and the processing flow and its parameters are
laid out in Table 2.2.
The highlights of the cross-equalization flow performed on the Monitor 1 were a global
time shift, a global phase shift, application of a shaping filter for spectral matching, a trace-
by-trace time shift, and a RMS amplitude normalization. The success was demonstrated
through NRMS slices before and after cross-equalization, spectral matching of the Monitor
1 to the Baseline, and seismic differences at the reservoir level. These differences specifically
include time, phase, and amplitude differences overlying the hydraulically fractured interval,
both spatially and temporally.
The time differences suggested by the time shift volume indicate a decrease in reservoir
interval velocity, and an increase directly above the reservoir. The time shift volume could
be interpreted as a proxy for velocity changes due to the hydraulic fracture. However, several
more considerations would be necessary to perform this analysis (such as layer stripping)
and will not be considered here. The amplitude differences are of interest, as amplitude is a
reflection-based seismic property. To make amplitude differences interpretable and give them
physical meaning, poststack inversions of the Baseline and cross-equalized Monitor 1 were
performed to obtain acoustic P-impedance. These steps helped address the other questions
posed in this thesis and associate the identified anomalies with hydraulic fracturing.
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CHAPTER 3
TIME-LAPSE PP POSTSTACK INVERSION
Inversion for acoustic P-impedance was approached using a model based poststack in-
version in Hampson-RussellTM . This method was used so that the 10◦ to 35◦ Baseline and
cross-equalized Monitor 1 stacks analyzed in the previous chapter could be fully utilized.
The time-lapse amplitude anomaly identified in Figure 2.21 was predicted to be associated
with the hydraulic fracturing of the Wishbone section. After poststack inversion, it was
interpreted that a decrease in acoustic P-impedance (up to 7%) is spatially aligned with the
hydraulically fractured reservoir. An increase in acoustic P-impedance directly above above
and below the Wishbone section horizontal wells (up to 4%) was also observed. Quality con-
trol parameters used to calibrate the inputs and parameters to the model based poststack
inversion will be outlined in this chapter.
3.1 Model Based poststack Inversion









ZP = ρVP, (3.2)
where K is the bulk modulus, µ is the shear modulus, and ρ is the density. The bulk
modulus is associated with the medium’s resistance to compression, and the shear modulus is
associated with a medium’s rigidity or resistance to deformation. Time-lapse P-wave acoustic
impedance is sensitive to pore pressure change, pore fluid change, as well as changes in the
matrix (such as stress) that will influence the shear modulus (Johnston, 2013). It is the
goal of poststack inversion to use available information from well logs and seismic data to
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estimate a non unique solution for P-wave acoustic impedance from the time-lapse volumes.
Figure 3.1: Workflow modified from Meza (2008). Model based poststack inversion workflow
implemented to obtain acoustic P-impedance volumes for the Baseline and cross-equalized
Monitor 1.
Model based poststack inversion aims to remove the wavelet from seismic data. Inver-
sion converts the reflections recorded at the surface into impedance contrasts in the earth,
which are more geologically meaningful and will aid interpretation. Model based inversion
is superior to colored inversion because it restores low frequency information using well log
acoustic measurements. Seismic data is band-limited and this is observed in the spectra of
the investigation window from 10Hz to 55Hz (Figure 2.18). A low frequency P-impedance
model is created and then iteratively modified. This process is guided by wavelet, horizon,
and well log input to create a synthetic seismic data set. If the match between the synthetic
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seismic model and actual seismic data is acceptable, the linear operator used to create that
synthetic model is an impedance model. This method does not account for AVO effects and
thus the product is considered acoustic P-impedance, and not elastic P-impedance. For the
time-lapse questions posed in this thesis the zero-offset acoustic P-impedance solution of-
fered valuable information regarding the investigation of hydraulic fracturing. The inversion
workflow followed to calculate ZP is outlined in Figure 3.1.
3.2 Inversion Model Design and Calibration
The low frequency model is based on available P-wave well log information. The P-wave
sonic is converted from slowness to velocity, and multiplied by the measured density log to
produce an estimate of P-impedance. The log is then filtered to a low frequency bandwidth
(1Hz to 10Hz) and input as a representation of low frequency impedance near that wellbore.
Ample well control is necessary for a spatially representative model and to account for het-
erogeneity between wellbores. A lack of well control in the Turkey Shoot was a problem
addressed via the creation of synthetic P-wave logs through a neural network. This was per-
formed by Pitcher (2015) and unpublished work by Matthew Bray (2015). There are eleven
wells in the Turkey Shoot that have gamma ray, resistivity, neutron porosity, and density
logs measured but do not have P-wave sonic logs. These sonic logs were synthesized from
the Well A P- and S- wave sonic logs, tested, and found to have representative geomechan-
ical properties by Pitcher (2015). The eleven available wells in the study area (Figure 3.2)
were tested for artifacts due to their synthetic nature, and it was found that 9 wells were
suitable for the inversion models. There is sparse well log information below the reservoir,
and inversion results deeper than the Graneros have no well log input and are not accurate.
Estimation of representative wavelets for the Baseline and cross-equalized Monitor 1 were
necessary for the inversion and well-to-seismic ties. Well A is the only nearby well with a
measured P-wave sonic well log. It is not within the Turkey Shoot acquisition, but is within
the Anatoli 3D PP. A 150ms wavelet was estimated around the Well A wellbore and was
found to have near zero phase for a window encompassing the Lower Pierre and reservoir
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Figure 3.2: The eleven wells with synthetic P-wave sonic logs analyzed for the creation of
the Baseline and cross-equalized Monitor 1 low frequency models.
(Figure 3.3). Composite wavelet estimation from the nine inversion wells indicated a -19◦
phase Baseline wavelet, and a -14◦ phase cross-equalized Monitor 1 wavelet. The data sets
were rotated +19◦ and a zero phase composite wavelet was created. The inversions were also
tested with the un-rotated seismic volumes, and the +19◦ phase rotation was found to be
superior.
Using extracted zero phase wavelets well-to-seismic ties were performed on the wells used
in the inversion, for the Baseline and cross-equalized Monitor 1. Figure 3.4 demonstrates
the tie to the Baseline seismic for Well J, which was acceptable. Also calculated is the Well
J well log P-impedance filtered to the seismic bandwidth (0/5/60/65). This describes the
procedure carried out for wells used in the inversion suite.
Well log impedance was calculated for the tied wells, and compared iteratively to the
inversion output for P-impedance as outlined in the inversion workflow presented in Fig-
ure 3.1. Well B exhibited high error throughout the analysis and was rejected from the
inversion model. Well C is also located on the edge of the survey and had low correlation.
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Figure 3.3: Wavelet estimation and procedure for creation of the well-tie and inversion
wavelet. The Well A wavelet was estimated from the Anatoli 3D/PP data set, and indicated
a zero-phase wavelets. The 9 wells chosen for the inversion model were used to extract a
composite wavelet from the Baseline (-19◦) and the cross-equalized Monitor 1 (-14◦). A
phase rotation of +19◦ was applied, and a zero-phase composite wavelet was extracted for
the Baseline and cross-equalized Monitor 1.
It was rejected from the model. Well C is presented in Figure 3.5 as an example of a poor
impedance match. There is high error indicated in the difference between the calculated well
impedance and the inverted seismic impedance. The error indicates that the edge of the
surveys are problematic. The edge of the survey was not interpreted for this reason. This
agrees with observations made in the cross-equalization analysis.
Nine wells were accepted as input into the final version of the model, based on the
aforementioned iterative analysis. Crossplots are depicted in Figure 3.5 demonstrating the
correlation between inverted seismic impedance and well log impedance. Over the entire
interval with well control (Lower Pierre P1 to Graneros) there is a correlation of 0.812, and
for the reservoir interval there is a correlation of 0.947. Both of these correlation values are
the highest achieved for their respective windows, and justified the wells used in the inversion
models.
The inversion well suite was used to create the low frequency model used in the inversion.
Idealized parameters used in the model creation were:
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Figure 3.4: Well-to-seismic tie display for Well J using the extracted zero-phase Baseline
wavelet. The calculation of well log P-impedance and that log filtered to the seismic spectrum
(0/5/60/65) is also displayed. Seismic-to-well ties were carried out for the entire inversion
well suite.
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Figure 3.5: Inversion analysis display for calibration of the Baseline inversion model. Well
log P-impedance is compared to modeled P-impedance from the inversion. Ten wells are
displayed, but only nine were used in the final models. Well C is an example of a well with
poor correlation to the model, and the error track displays this conclusion. The well log and
inverted P-impedance results from the final model are crossplotted for the zone of interest
(Lower Pierre P1 to Graneros) and for the reservoir interval. Correlations of 0.812 and 0.947
were found for these windows respectively.
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• Soft constraint - 35% seismic driven
• 1% pre-whitening
• 50 inversion iterations
• Cokriging with seismic RMS migration velocity volume
• Gaussian well-to-well variogram for parameter population, 40 neighbors
• Smoothing filter high cut and taper 10Hz / 15Hz
These parameters were selected based on the iterative methodology presented in Fig-
ure 3.1. Testing of these parameters was considered in the optimization of the low frequency
models used for the Baseline and cross-equalized Monitor 1 inversions. The resultant low
frequency model used in the Baseline inversion is displayed in Figure 3.6.
Figure 3.6: Low frequency model for the Baseline. XL160, XL76 with Well D, and XL184
with Well J are displayed.
Horizon input into the model was designed to allow for maximum contribution from the
seismic information in the reservoir. Fourteen horizons were chosen from the Lower Pierre
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P1 to the Graneros and are displayed in Figure 3.7. The 9 wells used in the inversion model
are also listed.
Figure 3.7: Final horizon and well input into the low frequency models. Fourteen horizons
and nine wells were used.
A comparison of the model’s calculation of a synthetic seismic data set to the actual
seismic was a way of calibrating the inversion. This quality control step was performed
simultaneously when analyzing well log and seismic P-impedance crossplots. A crossplot of
the optimized low frequency model synthetic seismic solution and actual Baseline seismic is
presented in Figure 3.8. It shows a correlation of 0.989 over the entire zone of interest. A
difference slice is also displayed showing low amplitude difference between the synthetic and
real seismic data sets (±0.3).
3.3 Inversion Results
The model design and inversion procedure were carried out for the Baseline and cross-
equalized Monitor 1 seismic volumes (Figure 3.1). The desired output for time-lapse interpre-
tation was a percentage difference between the Monitor 1 and Baseline acoustic P-impedance.
This was calculated using equation 2.1. The results of the inversion for the Baseline and
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Figure 3.8: Comparison of Baseline XL184 to synthetic seismic data from the inversion
model. The data is correlated over the 900ms inversion window, with a cross-correlation
value of 0.989. The amplitude difference cross-section also indicates the model is accurate
in matching the Baseline seismic.
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Monitor 1 are depicted with their percentage difference in Figure 3.9 and Figure 3.10. A
P-impedance percentage difference cutoff was determined to be ±2% from analysis of the
Lower Pierre P1-P4 difference. The inversion and percentage volumes were interpreted in
the TransformTM software package. Visualizations with respect to the horizontal well paths
of the Wishbone section are presented in Figure 3.11.
The anomaly observed in the amplitude percentage difference after cross-equalization
is interpreted as an acoustic P-impedance decrease of up to 7% in the reservoir. This is
displayed in Figure 3.12 as a mean value isochron taken over the reservoir interval from the
Top Niobrara peak to the Hartland Member of the Greenhorn Formation. The anomaly
has the greatest P-impedance variation near the western horizontal wells. There is also
variability in the distribution and intensity of the impedance differences across the section.
Modeling is required to see if such impedance variability is plausible for the Niobrara rock
physics. Additionally, a comparison to completion parameters per stage were analyzed to
find an explanation for the spatial concentration of the anomaly in the western wells.
3.4 Inversion Conclusions
The time-lapse model based poststack inversion was successful in the independent anal-
ysis of the Baseline and cross-equalized Monitor 1 for acoustic P-impedance. A percentage
difference of the impedance volumes revealed a negative anomaly in the Wishbone section
reservoir interval, with the largest difference values occurring in the west. The question posed
in this thesis regarding P-impedance change observed in the time-lapse data sets has been
addressed. There is up to 7% acoustic P-impedance decrease in the reservoir interval, and
up to 4% increase above and below the reservoir. Interpreting whether hydraulic fracturing
was the cause of this anomaly required integration with other seismic and non-seismic data.
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Figure 3.9: Inversion results for Baseline, cross-equalized Monitor 1, and percentage dif-
ference of acoustic P-impedance. The filtered P-impedance from well logs are input as a
comparative to the inversion results at well locations. Well H, Well J, and XL 160 are
displayed.
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Figure 3.10: Inversion results for Baseline, cross-equalized Monitor 1, and percentage dif-
ference of acoustic P-impedance. The filtered P-impedance from well logs are input as a
comparative to the inversion results at well locations. Well D and Well F are displayed.
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Figure 3.11: Cross section display of percentage difference in acoustic P-impedance for IL 270
and XL160. A percentage impedance change cutoff of ±2% was determined from analysis
of values in the Lower Pierre. The time-lapse reservoir anomaly indicates a negative change
in P-impedance in the cross-equalized Monitor 1. It is variable along the wellbore, and is
greater in the western wells (up to 7%). There is also a positive anomaly observed above
and below the reservoir.
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Figure 3.12: Mean percentage acoustic P-impedance change from the Baseline to the cross-
equalized Monitor 1 for the reservoir interval. The time-lapse impedance anomaly indicates
greater change in the western wellbores relative to the eastern wellbores.
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CHAPTER 4
SEISMIC INTERPRETATION AND INTEGRATION WITH COMPLETIONS DATA
The cross-equalization and model based poststack inversion delineated a negative P-
impedance anomaly in the reservoir interval over the Wishbone section horizontal wells.
The impedance percentage difference volume was the primary interpretation tool used to
address the remaining questions posed in this thesis. The interpretation was performed
by integration with other seismic and completions information. The spatial positioning of
geologic structure and reservoir properties within the Wishbone section was a necessary
consideration to account for the locations of the impedance anomalies. The completions
procedures and parameterization at each stage were found to be variable. A comparison of the
acquisition timing of the Monitor 1 and what was occurring in the subsurface during that time
also implied variability between the wells. The findings from completions were integrated
with the acoustic P-impedance anomaly to suggest a physical causation. Variability of fluid
pressure and pressure compartmentalization are the interpreted physical phenomena detected
by the PP time-lapse seismic data. A physical explanation for the time-lapse anomaly was
obtained with fluid pressure replacement modeling and inversion of well log P-impedance to
show that the observed time-lapse anomaly was a possibility. The inversion and modeling
provides a non unique and simplistic solution, but supported the observation of pore pressure
change due to hydraulic fracturing.
4.1 Structural Interpretation
A structural model was interpreted using amplitudes from the stacked Turkey Shoot
PP Baseline by Pitcher (2015). This initial structural model is presented in Figure 4.1,
and highlights the major east-west graben, and several normal faults running southwest to
northeast associated with the Laramide Orogony. This was sufficient in creating an initial
model for geomechanical and reservoir engineering simulations. It is, however, a simplified
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version of the actual Wishbone section’s structural geology. A contribution of this thesis is
adding information to this structural model by verifying previously picked faults and adding
new fault interpretations. These interpretations were verified with non-seismic data, which
included horizontal Wishbone section gamma ray logs, faults picked in an image log study
performed by Dudley (2015), and planes fit to microseismic events.
A Transform Fault ScanTM Incoherence volume was created using the 10◦ to 35◦ condi-
tioned and stacked Baseline PP seismic data set. Transform Fault ScanTM Incoherence is
a semblance attribute that analyzes the seismic data volumetrically. An interpretation is
made by delineating consistent trace-to-trace differences and associating them with geologic
structure. Figure 4.1 and Figure 4.2 demonstrate the advantage this presents in structural
interpretation relative to amplitude interpretation. Knowledge of faulting types and charac-
teristics must be implemented to calibrate this tool. The dominant fault type in the Denver
Basin is listric normal, and there are several major faults (throw of over 50 feet) identified in
the Turkey Shoot acquisition area. The goal of incorporating the Transform Fault ScanTM
volume was to identify normal faults associated with damage zones near major structures.
These structures are of equal importance as they are potential permeability pathways to the
producing horizontal wellbore. Several of these faults were interpreted in the volume and
displayed in Figure 4.2. Additionally, a small-scale PFS was interpreted to the north-east of
the Wishbone section, which has not previously been observed.
The fault interpretation based on this volume alone was not enough to be included into the
new structural model. The faults were verified with other available structural interpretation
information. Several gamma ray logs collected along the horizontal well path while drilling
were interpreted by APC contractors, and are publicly available in the Colorado Oil and Gas
Conservation Commission database. These interpretations (available in the 1N, 2N, 4N, 5C,
6N) were implemented into TransformTM and then extended to the other horizontals in the
section. Several faults picked in the incoherence volume agreed with faults interpreted from
the gamma ray logs (Figure 4.3). These were compared to fault interpretations made in an
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Figure 4.1: A) Example of amplitude guided structural interpretation in comparison to the
Transform Fault ScanTM Incoherence time slice. The major E-W normal fault is shown. B)
Fault interpretations of the original structural model from Pitcher (2015).
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image log study performed by Dudley (2015) (Figure 4.4).
The final non-seismic fault interpretation tool used was the fitting of planes to micro-
seismic events. This was performed using the TransformTM microseismic analysis package.
The algorithm iteratively fits planes to a single stage’s microseismic events, outputing planes
with a 0.70 correlation. These linear anomalies have been associated with faults by Maxwell
(2014). The output of this analysis is displayed in Figure 4.5, along with the gamma ray
and image log interpretations.
The interpretations were combined into the new fault location model presented in Fig-
ure 4.6. Several new faults were interpreted with high confidence, as they exist in several
data sets. A polygonal fault had not previously been observed, and was added to the model
due to its proximity to the Wishbone section.
The purpose of the new structural interpretation was to put the P-impedance anomaly
into structural geologic context. The fault model is incorporated into the mean reservoir
P-impedance percentage difference map in Figure 4.7. Several of the impedance variation
anomaly boundaries align with the boundaries of the fault interpretations. This suggests
compartmentalization of hydraulic fracture pressure based on the location of faults. The
western side of the section also has more faults interpreted within it, and this is the spatial
location of the impedance anomaly.
4.2 Completions Interpretation
Completion information was provided on a stage-by-stage basis for each well in the Wish-
bone section. Exact values of these parameters are not displayed due to a confidentiality
agreement with APC. Variability within these parameters was part of the design of the
Wishbone completions as a science section for the RCP. This variability is observed in the
crossplots in Figure 4.8 for four important completion parameters: total proppant, total
fluid, average pressure, and average pump rate (all per stage and by well). The wells fur-
thest to the west (10C and 11N) are anomalous in that they had approximately three times
as much proppant pumped, and two times the fluid volume pumped during the majority
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Figure 4.2: A) Example of the fault interpretation advantage using the Transform Fault
ScanTM Incoherence volume. B) Several new faults interpreted relative to the original model.
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Figure 4.3: Example of fault interpretation made using the horizontal well gamma ray logs.
A) Interpretations made by APC Contractors were studied and applied to wells with no
previous interpretation. B) A small-scale fault (13 feet of throw) is interpreted in the gamma
ray, but not easily interpreted in the seismic amplitude. C) These faults were picked along
each wellbore gamma ray log.
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Figure 4.4: A) The interpretations from all gamma ray logs in the Wishbone section. B)
The gamma ray fault interpretations are displayed with the image log fault interpretations
made by Dudley (2015).
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Figure 4.5: A) Example of a plane with high correlation (0.77) fit to the microseismic events
of one stage on horizontal well 6N. B) All planes fit with correlation greater than 0.70. C)
Microseismic fault planes in relation to image log fault interpretations (Dudley, 2015), and
gamma ray log fault interpretations.
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Figure 4.6: The new fault model created from interpretation of the Transform Fault ScanTM
- Incoherence volume, gamma ray logs, image logs (Dudley, 2015), and microseismic planes.
A fault interpretation workflow for the new model is also presented.
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Figure 4.7: New structural model incorporated with the mean change in acoustic P-
impedance percentage for the reservoir interval.
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of its completions with respect to the eastern wells (1N and 2N). The western wells also
clustered with wells that had lower average frack pressures than the eastern wells. There
is up to a 30% difference in average pump pressure, however this is the most variable cross
plot displayed. There is a constant 20% difference in pump rate between two trends in the
rate cross plot, of which the western wells plot with the higher average rate group. The
completions difference between the eastern and western wellbores is similar to the trend in
Figure 4.7. However, the greatest impedance variability (by up to -4%) is associated with
the 7N, 8C, and 9N wells.
In the Wishbone section there was a zipper frack performed on wells 7N, 8C, and 9N. A
zipper frack stimulates parallel wellbore stages in sequence, and holds pressure while another
well in close proximity is being stimulated. The method potentially causes superior fracturing
by controlling local stress conditions through modulation of pressure in nearby wells. This
is one anomalous condition associated with the spatial location of the impedance anomaly
around wells 7N, 8C, and 9N.
The timing and succession of the completions are also of importance to the interpretation.
The Wishbone section wells were drilled, completed, and put onto production from east to
west. This is verified in Figure 4.9, which outlines the day-to-day well operations leading
up to and overlapping the Monitor 1 acquisition. All fracturing operations occurred before
the start of the Monitor 1 survey. The eastern wells were put into flow back and production
before the Monitor 1 acquisition began. Figure 4.9 indicates that the western most wells
should be most representative of post hydraulic fracturing conditions prior to flow back,
production and reservoir pressure depletion.
The cross-equalization and P-impedance inversion were calculated in time. The percent-
age change of acoustic P-impedance volume was depth converted in Transform so that the
anomaly could be investigated with respect to completion parameters on horizontal well
stages. The depth conversion was performed using a modified version of the RMS migration
velocity volume. It was modified by incorporating top picks from well logs, and horizon picks
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Figure 4.8: Completions parameters identified as significant to the interpretation are pre-
sented by stage and by well. Crossplots of total relative proppant, total relative fluid, average
stage pressure, and average pump rate are plotted against measured depth of the wellbore.
There is variability in the completion parameters, and also a difference in western wells (10C
and 11N) relative to eastern wells (1N and 2N).
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Figure 4.9: Schedule of day-to-day well operations leading up to and overlapping the Monitor
1 acquisition in the Wishbone section.
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from the Baseline seismic volume. This is a common method used for depth-conversion in
industry and has been successful in several other Phase XV studies (Dudley, 2015; Pitcher,
2015). The percentage change of acoustic P-impedance was estimated by RMS averaging a
150ft radius cylinder around each wellbore stage. This value was then associated with that
stage and could be compared to completion parameters such as those displayed in Figure 4.8.
The anomaly observed in Figure 4.7 is verified in the crossplots displayed in Figure 4.10 and
??. There is less change in P-impedance in the eastern wells relative to the western wells.
This change is seen in wells 1N and 2N relative to 10C and 11N. The zipper frack wells (7N,
8C, 9N) are identified as having the highest average P-impedance change, which was also
identified in Figure 4.7. To draw a conclusion beyond eastern versus western properties, the
stage based completion parameters were analyzed.
Percentage change of acoustic P-impedance by stage relative to completion parameters
are depicted in Figure 4.12. Plots A and B indicate that the eastern wells had higher average
pump pressure during the hydraulic fracture relative to the zipper frack and the western 10C
and 11N wells. An increase in effective pressure can result in an increase in P-wave velocity,
S-wave velocity, and density, therefore resulting in an increase in P-impedance (Johnston,
2013). Plot C indicates that proppant mass per stage did not differ between the eastern wells
and the zipper frack. For plot D however, the western 10C and 11N generally had a greater
total mass of proppant per stage than the eastern wells. This may indicate a decrease in
P-wave and S-wave velocity due to propping of fractures and reduction of rigidity. This is
not proven as proppant injected does not indicate effectively propped reservoir. Plots E and
F indicate that the zipper frack wells and western wells had a larger volume of frack fluid
injected per stage relative to the eastern wells. Frack fluid is a combination of water, oil-like
fluid, and a small percentage of gas. An increase in fluid saturation and pressure due to
hydraulic fracturing in the reservoir would result in a decrease in P-wave velocity, density,
and P-impedance (Johnston, 2013). S-wave velocity would remain relatively constant, as
there is no fluid effect on shear waves. The total fluid pressure trend and the timing of the
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Figure 4.10: Stage values of percentage acoustic P-impedance change for Wishbone hori-
zontal wells. The observations made in Figure 4.7 are verified in the crossplot for an RMS
averaged 150ft radius cylinder around the stage. The western wells have a greater change in
acoustic P-impedance relative to the eastern wells
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Figure 4.11: Stage values of percentage acoustic P-impedance change for Wishbone hori-
zontal wells. The observations made in Figure 4.7 are verified in the crossplot for an RMS
averaged 150ft radius cylinder around the stage. The Zipper Frack wells have the greatest
change in acoustic P-impedance in the section. They are displayed relative to the eastern
wells
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Figure 4.12: Crossplots of completions parameters (average pressure, total proppant, and
total fluid) and percentage change of acoustic P-impedance by stage. Two well sets are
analyzed. Plots A, C, and E are the zipper frack wells and the eastern wells. Plots B, D,
and F are the western and eastern wells.
79
Monitor 1 acquisition offer two explanations of the negative percentage change of acoustic
P-impedance in the hydraulically fractured reservoir, and explain why it is greater in the
west relative to the east. This fluid pressure replacement hypothesis was modeled using well
log velocity and P-impedance estimations to analyze this explanation.
The completions parameter interpretation addressed the integration question presented
in this thesis. Through the integration of engineering data with seismic observations, the
observed anomaly present in the reservoir was given confidence as a physical phenomena.
4.3 Acoustic P-Impedance Change in a Hydraulically Fractured Reservoir
The completions data interpretation agreed with what was observed in Figure 4.7. Over
the entire Wishbone section, hydraulic fracturing caused an increase in pore pressure (fluid
pressure or reservoir pressure) while confining pressure remained constant. This resulted in
a net decrease in the difference of confining and pore pressures, and therefore a decrease in
effective pressure. A decrease in effective pressure will decrease the bulk modulus, and as
idenitified in equations 3.1 and 3.2, the bulk modulus is a component of P-wave velocity.
Therefore, a decrease in the bulk modulus would result in a decrease in P-wave seismic
velocity.
An increase in pore pressure is one factor that resulted in the observed decrease in acous-
tic P-impedance, and has been observed in other rock physics and time-lapse experiments
(Avseth et al., 2005; Batzle & Wang, 1992; Dvorkin, 2000; Wang, 2001). The reservoir
interval, overburden, and underburden are under variable fluid pressure conditions after
completions. This variability is observed in the western wells, which were flowed back for a
shorter period of time relative to the eastern wells. This resulted in a pressure differential at
the time of the Monitor 1 acquisition, and addresses why the change in acoustic P-impedance
is greater in the west. It is therefore hypothesized that the time-lapse PP seismic study is
sensitive to changes in fluid pressure induced by the hydraulic fracture. Evidence for this
hypothesis is supported by the spatial location of the anomaly in proximity to faults. This
proximity implies compartmentalization, where faults are acting as pressure and stress con-
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Figure 4.13: Fluid pressure modeling over different reservoir intervals for Well J. The re-
placement fluid was designed to have the properties of a reservoir fluid (55% water, 35% oil,
10% gas). It was found that a 3300 psi increase in pore pressure closely matched impedance
anomaly observed in seismic (-9%). The reservoir boundaries were also found to be most
representative of the observations when the Niobrara C Chalk to the Hartland were modeled.
This model is simplistic and non-unique, but demonstrates that rock physics supports the
seismic observations.
81
duits guiding where the hydraulic fracture influence on pore pressure. Compartmentalization
can be seen in the western wells and the zipper frack in Figure 4.7, where the greatest changes
in acoustic P-impedance are spatially bound by fault interpretations.
The percentage increase in fluid pressure, depth ranges at which this pressurization oc-
curred, and validation of the hypothesis were modeled using the Gassman equation (1951).
The Gassman equation is used to calculate the effect of fluid substitution on a reservoir
with known seismic properties. The Well J VP , shear velocity (VS), and density log were
transformed using Hampson-RussellTM to model the influence of increased pore pressure on
the reservoir interval. This was accomplished by forward modeling an arbitrary reservoir
fluid (55% water, 35% oil, 10% gas) to find an equivalent model as the observed impedance
change. A model parameterized with a 3300 psi increase in pore pressure resulted in a 9%
decrease in well log acoustic P-impedance (Figure 4.13). The depth range of the time-lapse
anomaly was also tested over several intervals. A range from the Middle Niobrara peak re-
flector and the Bridge Creek peak reflector are influenced in a time-lapse sense, to reproduce
the observations made in seismic data. The well picks coinciding with the modeled interval
were the Niobrara C Chalk to the Hartland Shale, which are both sub-seismic resolution
interfaces. The implication of the interval modeling is that the hydraulic fracture stimulates
above and below the interval in which the wells are landed.
The depth range of the negative change in P-impedance crosses the Sharon Springs/
Top Niobrara interface as observed in Figure 4.13 and Figure 4.14. The depth estimation
of microseismic events are not measured shallower than midway into the Sharon Springs.
One possible explanation for these observations in both microseismic and time-lapse seis-
mic, is that the Niobrara source rock is overpressured and the over and underburden are
underpressured (Sonnenberg, 2012; Weimer, 1996). One cause of this pressure anomaly is
the maturation process of the Niobrara source rock. The relatively large pressures used in
hydraulic fracturing may cause a compaction effect in these zones, and a resultant increase
in P-impedance.
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Figure 4.14: Microseismic event depths and the vertical depths of the greatest change in
percentage acoustic P-impedance qualitatively align. An explanation for this vertical depth
is that the Niobrara is overpressure, and the formations in contact with this zone are under-
pressure (Weimer, 1996 and Sonnenberg, 2012).
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The pore pressure modeling is simplistic and non-unique in the determination of time-
lapse VP and P-impedance. It does not account for the many other factors influencing the
P-wave velocity, S-wave velocity and density. However, the model demonstrates that an
increase in pore pressure (+3300psi) due to hydraulic fracturing of the Niobrara and Codell
could cause the observed time-lapse acoustic P-impedance anomaly.
4.4 Interpretation Conclusions
The Turkey Shoot structural model was updated to integrate interpretations from a
Transform Fault ScanTM Incoherence volume, gamma ray logs, image logs (Dudley, 2015),
and planes estimated from microseismic events. Several of the new faults were spatially
related to P-impedance anomalies, and suggested compartmentalization of the hydraulic
fracture pressures.
The percentage change in acoustic P-impedance within the reservoir was correlated with
well completion parameters by stage. It was found that the western wells and the zipper
frack wells had several completions characteristics related to the observed decrease in P-
impedance. These characteristics were fluid volume, fluid pressure, and the timing of the
completions with respect to acquisition of the Monitor 1. It was concluded that the western
wells had more fluid from hydraulic fracturing present relative to the eastern wells where
production had been initiated. These factors indicate that pore pressure in the reservoir
is what the time-lapse P-impedance anomaly is physically associated with. The time-lapse
anomaly’s spatial location is in close proximity to fault location interpretations. This implies
that reservoir compartmentalization of pressure and stress from the completion is due to
geologic structures. Compartmentalization should be considered in the completion design
for a well. Identification of when and where this anomaly is occurring would be beneficial
to completions, production, and reservoir engineers. Integrating geoscience characterization
into the completions design process would potentially make compartmentalization a benefit
rather than unaccounted for consequence. This observation is a new contribution to Phase
XV from this thesis.
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Modeling an increase in pore pressure of 3300 psi due to hydraulic fracturing using well
logs, showed that the Niobrara C Chalk to Hartland demonstrate the observed P-impedance
decrease. The model was simplistic and non-unique, but provided rock physics validation
to the necessary interval for the time-lapse anomalies depth range to be observed. This
range was interpreted along with the depth range of the microseismic anomaly, and similar
boundaries were interpreted above and below the stimulated reservoir. This is hypothesized





Major contributions of this thesis include:
• Creation of a percentage change in acoustic P-impedance volume from cross-equalized
time-lapse PP seismic data sets.
• Interpretation of a new fault location model.
• Identification of variable reservoir pore pressure as the physical anomaly being observed
in the time-lapse PP seismic data.
• Observation of hydraulic fracture pressure compartmentalization in the reservoir inter-
val as a function of geologic structure.
5.1 Conclusions
From this study the following conclusions are drawn:
• Cross-equalization of the Monitor 1 to the Baseline was necessary to identify and
interpret the time-lapse anomaly. The design of the cross-equalization flow was based
upon an area where no change was expected from hydraulic fracturing. This zone was
the Lower Pierre P3 and P4. The required processing steps included a global time
and phase shift, application of a shaping filter, a trace-by-trace time shift, and RMS
amplitude normalization.
• There is a time-lapse anomaly between the Monitor 1 and Baseline PP seismic data
sets. The time-lapse anomaly is expressed as time shifts, phase differences, trace
differences identified in cross correlation, and percentage amplitude change that was
found to be above the noise cut-off. The physical causation was investigated through
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model based poststack inversion for acoustic P-impedance, and a percentage difference
volume was created. A negative P-impedance change was found to coincide with the
Wishbone section horizontal wells. Fluid pressure increase in the reservoir due to
hydraulic fracturing was linked to the anomaly by interpretation of completions data,
timing with respect to seismic acquisition, and a simple pore pressure model.
• The percentage decrease of acoustic P-impedance in the Wishbone section reservoir
was between 3% and 7%. The greatest change was seen near the zipper frack wells
(7N, 8C, 9N) and in the western wells (10C, 11N) relative to the eastern wells (1N, 2N).
There was positive P-impedance change directly above and below the reservoir interval
of up to 4%. The P-impedance change in the Lower Pierre ranged from a reduction
of 1% to and increase of 2%. During interpretation, this was considered the noise
cutoff as there was no change expected in this zone. Acoustic P-impedance was the
product of model based poststack inversion, and should not be used in the calculation
of elastic properties. The percentage change in acoustic P-impedance was found to
be related to trends regarding fluids and pressure in the completions parameters. The
well operations schedule also supported the observations and hypothesis regarding the
impedance anomaly.
A simple fluid pressure replacement model was designed to test the rock physics sus-
ceptibility to a change in pore presure. It was found that the replacement of a reservoir
fluid (55% water, 35% oil, 10% gas) with 3300 psi greater pore pressure closely matched
the observed anomaly in the reservoir interval (-9%). The reservoir interval was inter-
preted to be between the Niobrara C Chalk and Hartland Member of the Greenhorn
Formation. It was therefore hypothesized that the time-lapse acoustic P-impedance
anomaly was a function of increased pore pressure due to hydraulic fracturing and was
supported by seismic data, completions information, and timing of well procedures.
The percentage change in acoustic P-impedance and the corresponding interpretation
is a new contribution to Phase XV.
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• Major and minor faults coincide with the P-impedance anomaly, which suggests com-
partmentalization of hydraulic fracture fluid pressure. For the zipper frack wells the
greatest changes in acoustic P-impedance follows the orientation of faults as a conduit
for pressure from the hydraulic fracture. Pressure compartmentalization with relation
to faulting in the Wishbone section, is a unique contribution of this thesis to Phase XV.
Observation of this phenomena could be extrapolated to other sections in Wattenberg
Field that have not yet been completed. The completions should be integrated with
geoscience characterization, with variability in parameters aligned with compartmen-
talization factors rather than a static or random design. Seismic monitoring can assist
reservoir management of Wattenberg Field.
5.2 Phase XV Recommendations
Cross-equalization should be performed on the converted wave and shear time-lapse vol-
umes with a methodology similar to that employed in this study. Joint inversion or inversion
for shear velocity would make for a useful comparison to the P-wave results. This may give
insight into differentiating between fractured reservoir and stimulated reservoir, as shear
waves are sensitive to the shear modulus and fractures. A prestack AVO inversion of the
PP data may be able to get a more definitive answer regarding elastic P-impedance. It was
mentioned several times throughout this thesis that acoustic P-impedance should be used as
a interpretation tool rather than as values to calculate geomechanical or elastic parameters.
More sophisticated inversions, such as geo-statistical inversion using Jason software, using
the P-data cross-equalized in the prestack domain would provide a useful comparison to this
study. The analysis of the Phase XVI Monitor 2 data set will make for a useful comparison.
Phase XVI will acquire 9C information after two years of production. If the fluid pressure
effect postulated here is accurate, there should be a decrease in fluid pressure after producing
the reservoir. An increase in P- and S-impedance in these volumes relative to the Baseline
and Monitor 1 is probable.
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